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I. INTRODUCTION
Wireless ad-hoc networks are suitable to be widely adopted to provide a distributed, self-configuring communication infrastructure for a large variety of significant applications, e.g., military applications, industrial automation, sensor networks, vehicular networks, applications in case of disaster, etc., either in environments where a wired network cannot be easily set up, or more general as an extension of infrastructure based wired/wireless networks [1] .
The distributed and flexible architecture of wireless ad hoc networks , usually composed by smart wireless mobile nodes with battery supply and finite lifetime, that communicate to each other via a shared radio channel, is a key factor. However, due to the scarce energy resources available at each station, much efforts must be devoted to find out energy efficient circuits, protocols, and algorithms [2] capable to extend as much as possible network lifetime while providing an acceptable Quality of Service (QoS). Specifically, innovative and energy efficient clustering techniques in addition to power control mechanisms and MAC algorithms are required in order to reduce energy consumption while providing acceptable throughput and delay.
In particular, the trade-off between energy-saving and QoS requirements becomes a critical issue when the adhoc network has to support time -critical applications, such as voice over IP (VoIP) [3] [4] [5] or industrial automation applications [6] . In fact, power efficient protocols are usually based on keeping Wireless Network Interface Card (WNIC) turned off as much as possible thus affecting packet delays. All the layers of the protocol stack are involved in this challenging issue [7] .
The design of innovative MAC protocols, in such a context, is a very challenging issue. The well-known Distribute Coordination Function (DCF) in IEEE 802.11 [8] , is not power efficient because, being CSMA-based [9] , it keeps wireless network interfaces sensing the channel for a large fraction of the time. Moreover, due to collisions and frame retransmissions, energy consumption increases with the offered load. For these reasons, several improved contention-based MAC schemes for wireless ad hoc networks have been proposed. Some of them aim at reducing as much as possible packet losses due to collisions; others are based on keeping network interfaces in awake state (i.e., turned on) only for short time intervals, that is when there are pending data to transmit or receive, and in doze state (i.e., turned off) otherwise. Recent studies [10] have shown that batching frames helps to reduce the number of contentions and the ACK overhead.
Other approaches tackle the power saving issue using collision free TDMA-based protocols, which achieve power saving by avoiding overhead, overhear, and collisions. A drawback of these scheme is their low bandwidth utilization [11] .
Recently a Collision Free MAC protocol (CF-MAC) has been proposed. CF-MAC is based on the theory of Balanced Incomplete Block Design (BIBD) [12] , which has been widely studied in the field of combinatorial mathematics. Its effectiveness has been already investigated showing significant improvements compared to Standard IEEE 802.11, in terms throughput, one-way packet delay, energy consumption and support of real time traffic [13] [14] [15] .
In this paper enhanced versions of CF-MAC, still based on BIBD, have been proposed considering several significant novelties that regard the introduction of variable time slot dimension, different management of Power Saving (PS) mechanism, more efficient utilization of channel bandwidth, etc. The performance of these variants have been investigated, for various traffic types, by simple analytical models and by simulations, highlighting their improvements over basic CF-MAC protocol.
Combinatorial design theory has been applied to various aspects of communications [16, 17] , but to the best of our knowledge, the approach followed by the authors of this paper is the first to apply BIBD theory to design collision free MAC protocols in wireless ad hoc networks.
The rest of the paper is organized as follows. Section II summarizes the main features of system architecture based on BIBD design. Section III describes the enhanced versions of the MAC protocol based on BIBD. Performance results, exploiting analytical models have been reported in section IV, while computer simulation is exploited in section V to analyze VoIp applications. Finally, in section VI some conclusions are drawn.
II. SYSTEM ARCHITECTURE
In this section a system architecture based on the theory of Balanced Incomplete Block Design (BIBD) that allows the synthesis of new collision free MAC protocols, will be described [12] . By definition, a specific BIBD is referred by the 5-tuple (v, b, r, k, λ) . The five parameters are not independent, but the two basic relations that follows represent necessary conditions for the existence of a BIBD [12] :
Definition
The proposed system architecture considers a single hop wireless ad hoc network with the time axis divided into time slots, supposing that all stations are synchronized.
To this aim, we consider a BIBD architecture with parameters (v, b, r, k, λ) as an arrangement of v stations into b slots. Each slot contains exactly k distinct stations, i.e., in each slot the access to the wireless medium is permitted only to k specified distinct s tations. Considering a group of b slots, each station occurs in exactly r different slots, i.e., a given station can transmit/receive only r times. Moreover, each pair of distinct stations occurs together in exactly λ slots, i.e., there are always time slots in which two distinct stations can communicate directly. The BIBD structure may be graphically represented; as an example, in Fig. 1 a BIBD system with parameters (7, 7, 3, 3, 1) is reported. In this simple case, there are seven stations, i.e.,( v = 7) in the network. There ere seven different time slots, i.e.. (b = 7) and in each of them only three distinct stations, i.e., (k = 3) accede to the channel; moreover, each station can access to the channel in three of these slots, i.e., (r = 3) and each pair of stations occur s together in one slot. i.e., (λ = 1). Alternatively, the seven blocks can be explicitly enumerated. In the previous case we have: In general a BIBD arrangement can be described using an incidence matrix, which is a v by b binary matrix where the a i,j term is specified as follows:
a i,j = 1 if station i is contained in the group j, 0 otherwise.
The incidence matrix for the system described in Fig. 1 is reported below. Every incidence matrix, is constrained by the property of BIBD and therefore has r ones per row and k ones per column. The BIBD incidence matrix can be derived by several methods. T he most significant exploit the Hadamard Matrices and the Mutually Orthogonal Latin Squares (MOLS) [12] . The methods based on MOLS produce BIBD design only for relatively few values of v. Specifically, let n be a prime number or a power of a prime number, v can assume only the values: v=n 2 or v=n 2 +n+1 . As an example, a BIBD design can be obtained for the following values of v<200 
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The BIBD incidence matrix of order v can be derived by the Hadamard matrix of order n=v+1 . In fact , it can be shown the following result [19] .
Theorem: A normalized Hadamard matrix of order n (n≥8) is equivalent to a symmetric BIBD design with v=b=n-1, k=r=n/2-1, λ=n/4-1.
As an example, from the previous matrix H 8, the BIBD design (7, 7, 3, 3, 1) can be easily derived discarding the first row and the first column and replacing the values -1 by 0. The derived incidence matrix, after inessential permutations of rows and columns, is equal to the incidence matrix of the BIBD reported in Fig.2 .
In the same way, the BIBD design (15, 15, 7, 7, 3) Extremely useful are also the following results [19] . As an example, from the symmetric BIBD (7, 7, 3, 3, 1) , by applying the Theorem 1, considering i=7 , another BIBD with parameters (4, 6, 3, 2, 1) 
Exploiting the previous design theory results, it can be shown that a BIBD design exists for the practical values of v [12, 19] . As an example, a BIBD design for all values of v=200 have been reported in [18, 20] .
III. CF-MAC AND ECF-MAC PROTOCOLS
The developed MAC protocols allow collision free transmissions over a shared wireless medium. It is supposed that the geographical coverage of the network is limited to a few hundreds of meters and thus a negligible propagation delay is experienced, considering a single hop ad hoc network.
A. CF-MAC Protocol Features
In CF-MAC [8, 9] , the time is partitioned into an endless sequence of fixed duration time slots. Each time slot is divided in an access window and a data exchange window ( fig.2) . The access window is split into k minislots, each one is assigned to one of the k stations that share the slot. The others v-k stations are supposed to be in doze state. If the station assigned to the first minislot has scheduled traffic to transmit, it sends a RTS (Request To Send) frame to the destination, which replies, if in awake state, with a CTS (Clear To Send) frame. Then the data exchange window starts immediately and the two stations can exchange data until the end of the slot. Obviously, the destination station is awake only if it is one of the k stations that share the current slot. The other k-2 stations, listening the RTS/CTS handshake, realize that the channel will become busy and, therefore, transit in doze state.
It may happen that the first station has no pending traffic and thus the RTS is not transmitted or the destination is in doze state and obviously it cannot transmit the CTS frame. In the previous situations , the station assigned to the second minislot can transmit its RTS and so on. Thus, as soon as a station performs the handshake, it gets the right to transmit during the current time slot.
The above outlined collision free access protocol privileges stations in the earlier minislots; therefore, some unfairness among stations can arise. This issue can be solved by assigning minislots in round robin fashion. Fig.3 shows such a round robin scheme for a single slot: in a sequence of k·b slots ( a superframe ), each station is assigned one time to the first minislot, one time to the second minislot, and so on. Fig. 2 Structure of a Time Slot Fig. 3 Round robin scheme in the access window A significant reduction of power expenditure respect to the first version of CF-MAC can be obtained by considering that BIBD matrices can be saved in a lookup table of each station. In this way, each awake station knows if its destination belongs to the other k-1 awake stations. Furthermore, in case of single hop and static stations the RTS/CTS transmission can be avoided. Therefore, a station assigned to a specific minislot, with pending traffic, can send data frames without undertaking the handshake procedure. When a transmission starts, the remaining k-2 stations transit in doze state until the next time slot.
A substantial modification of CF-MAC (called later ECF-MAC) can be obtained by imposing all stations to stay awake and ready to receive during the access window, while the BIBD s chedule continues to be adopted to manage the right of medium access. Therefore, a transmitting station will surely find awake its destination station.
B. ECF-MAC Protocol Features
The enhanced CF-MAC protocol (ECF-MAC) keep the same basic infrastructure of CF-MAC. The k stations that share the slot have the right of transmission, while all the other ones (v -k) are awake in idle state. A generic station with the right of transmission in a given slot and pending traffic, exploiting the pertinent minislot, like in CF-MAC, sends a RTS frame to the destination station, which, being awake, can certainly replay, with a CTS frame. Then, the transmission starts immediately and the two stations can exchange data. Time slot dimension is not fixed, but can vary between two bounds: T min and T max . In the RTS and CTS frames, sender and receiver include information about the transmission duration thus all other (v -2) stations, listening the RTS/CTS handshake, transit in doze state until a new time slot starts. If none of elected stations have pending traffic all v stations go in doze state for a time interval T Doze .
Also in this case, the RTS/CTS handshake is not essential if each station catches the access sequence from a lookup table stored in its own memory. Information about the transmission duration are specified in the data frame.
IV. PERFORMANCE EVALUATION
In this section, we will show some results about the efficiency of the proposed MAC protocols in case of: 1) traffic saturation with random destination; 2) perfect synchronization among stations; 3) single-hop network; 4) media occupation persisting until the following time slot. A quite simple analytical model has been developed with the target to highlight the suitability of the BIBD architecture for achieving high channel utilization and substantial power saving.
A. CF-MAC protocols performance
In case of random traffic, i.e., for each slot all stations choose randomly and independently the destination, the probability to choose a station in doze state is:
Thus, the probability that in a generic slot the channel is occupied by a transmission, i.e., the probability of channel utilization , is given by:
Let T m be the duration of a minislot, kT m the duration of the access wi ndow, and T s the duration of entire time slot.
When in a generic slot the i th station starts the transmission after the RTS/CTS mechanism, the activity time (i.e., the time spent in the awake state) of all stations, T a , is given by the sum of the activity time of the two stations (source and destination) that remain in active state for the entire slot, i.e. 2T s , and the activity time of the remaining (k-2) stations that transit in doze state at the end of i th minislot, i.e. (k-2)iT m . The average value of total activity time, after a little algebra, is given by [14] :
The previous quantities allow us to evaluate the energy saving of the proposed MAC scheme, E s , compared with a scheme that does not implement a power saving mechanism (i.e., the stations are always active). Obviously, when all v stations are awake, the total activity time is vT s . Thus:
The efficiency of the CF-MAC protocol can be defined as the ratio between the average values of time spent on transmitting payload and the total time. In case of random traffic, such an evaluation can be limited to the single slot. When the i th station gains the right of transmission, the useful time for the payload transmission in the slot is u i = T s -iT m . Thus, we obtain [14] :
In fact, probability that the random destination station is found active is independent on the specific minislot and is given by (k-1)/(v-1) while [(v-k)/(v-1)] i-1 represents the probability that all stations that precede the i th station have chosen a doze destination. The expressions (3)- (7) can be applied to the CF-MAC with or without the handshaking paradigm. When the RTS/CTS exchange is avoided, the substantial difference is the smaller duration of T m that can be limited at the propagation time plus a guard time. The chosen value of T m in this case is 1 µs without RTS/CTS and 30 µs in the other case. Fig. 4 shows the energy saving of a network with a variable number of stations, for Ts=3.4 ms. The energy saving increases monotonically with v and saturates at the astonishing value of 98%. Fig. 5 shows the efficiency of CF-MAC for a variable number of stations, for Ts=3.4 ms. The efficiency increases monotonically with v until saturates to a value very close to the unity, when v is about 25.
B. ECF-MAC protocols performance
The ECF-MAC imposes that all station are awake during the access window, although only k per time slot gain right to transmit. In this scenario the probability to choose a station in doze state becomes zero. Thus, the average value of the total activity time, can be easily obtained from (5) imposing v=k and a=0:
Starting from the expression (6), we obtain:
The ECF-MAC protocol, like the previous case, in case of static network, allows to avoid the RTS/CTS handshake. In fact, the incidence matrices are known by all stations and those qualified to transmit in the current minislot can send immediately data frame to any station, being all awake. Fig.6 shows the energy saving for a network with a variable number of stations implementing the ECF-MAC protocol, exploiting for T m and T s the same values used previously.
The efficiency for the ECF-MAC protocol is independent of the number of stations and is simply given by the following expression:
CF-MAC and ECF-MAC can be adopted in applications, like sensor networks, where the traffic load can be very light. In such a context, it can be useful to extend the time slot dimension, so that, during the data exchange window, the stations can stay in doze state for a larger amount of time, reducing energy expenditure. Specifically, in both protocols, when a certain number of consecutive time slots are empty, the Doze time duration, T Doze , can be gradually increased in a bounded range between T Doze-min , and T Doze-max . In other words, the increase of T Doze corresponds to the increase of T s without varying the access window duration. In ECF-MAC, T Doze can be set by a completely distributed procedure. As an example, T Doze can be managed following a procedure similar to the TCP congestion control procedure.
In CF-MAC, instead, a certain number of RTS packets must be transmitted to ensure that all nodes of the network are synchronized with the current Time Slot duration. 
CF-MAC AND ECF-MAC FOR VOICE COMMUNICATION
In this section, the ability of CF-MAC and ECF-MAC protocols to support VoIP traffic is investigated. For such a purpose, an event driven ad-hoc simulation tool has been developed in C language using libraries proposed in [21] .
Our investigation considers a single-hop ad-hoc network with the following BIBD parameters (15, 15, 7, 7, 3) , (31, 31, 15, 15, 7) or (39, 39, 20, 20, 10) , considering an ideal radio channel behaviour.
We have focused on the one-way packet delay as a function of time slot duration Ts in the range [1 ÷ 2:5 ms]. For each considered scenario, we simulate one hour of the ad hoc network behaviour, running 10 simulations, each one with a different seed for the random number generator. Therefore, each reported result is evaluated as the average of these 10 repetitions in order to filter out statistical fluctuations. Each station chooses randomly its destination and, after the end of a call, a new communication starts immediately toward a new randomly chosen station. Call duration is exponentially distributed with mean of 2 minutes. For voice calls, the G.729 codec (i.e., source rate is 8 kbps) with two frames per packet is considered. Thus, taking into account the protocol stack (i.e.,RTP/UDP/IP/LLC/MAC), packets are 86 bytes long.
In order to evaluate perceived speech quality, we used the ITU E-model [22] , widely adopted for estimating speech transmission quality under various impairments. The major advantage of this model is that it separates the perceptual effects caused by the single impairment, allowing their analysis distinctly. The output of the Emodel is the transmission rating factor R, defined as follows:
where Ro, Is, and A are factors associated with signal propagation; I d is the delay impairment; I e-eff is the equipment impairment (which captures the effect of information loss caused by encoding scheme and packet loss).
To assess the effect of delay and packet loss on quality of speech transmission, it is a common practice to consider an ideal radio channel; thus, using default values of Ro, Is, and A given in [22] , the eq. (15) (16) For the I d factor we used the simplified equation obtained in [23] which gives an Id value of 1.2, 2.4, 3.6, 7.3 for a fixed delay of 50, 100, 150, 200 ms respectively. I e-eff is evaluated considering the procedure suggested in [22, 24, 25] . In the context of this paper, where the packet loss can be neglected, I e-eff ≅ 10 [15] .
The R factor can be mapped in the well-known quality metric Mean Opinion Score (MOS) [24] , which is defined as the arithmetic mean of a collection of subjective opinion scores given by users in an integer scale from 1 (bad) to 5 (excellent). Basing on the categories of speech transmission quality given in [25] , a MOS value above 3.6 corresponds to satisfaction for almost all users. The mapping between R and MOS is reported in [22] , with a maximum value for MOS equal to 4.5. In particular, considering no packet loss and a G.729 codec, the maximum ideal MOS achievable is 4.14.
Following recommendations in [22] , the MOS has been evaluated periodically every 10 s, for each communication. Fig. 7 shows the CDF of the one-way packet delay as a function of time slot size for CF-MAC with 38 active nodes (i.e., the scenario with the highest traffic load). The best results are obtained with small values of Ts (e.g., with Ts = 1.5 ms more than 94% of the packets have a delay under 100 ms), but we have acceptable delays also for larger values of Ts. 8 reports the cumulative distribution of one-way packet delay in the same network considered before but ECF-MAC based. It shows that, for a T Doze interval of 10 ms, all packets are received within 40 ms. Moreover, for T Doze larger than 60 ms, the cumulative function saturates to 1 with a delay of (T Doze + 20) ms. Fig.9 shows CDF of MOS for both protocols when total energy consumption is equal for both CF and ECF-MAC, that is when time slot duration is 1.5 ms for CF-MAC, and T Doze is 100 ms for ECF-MAC.
The whole results have shown that, fixed the energy consumption level, ECF-MAC enables to reduce the one way packet delay with respect to CF-MAC. However, CF-MAC is more energy saving when traffic is very low, because it allows to be awake only k stations during the access window. 
VI. CONCLUSIONS
Starting from the theory of Balanced Incomplete Block Design (BIBD), in this paper we have investigated the effectiveness of two collision free MAC protocols for wireless Ad-Hoc networks, namely CF-MAC and ECF-MAC and their variants, with the target to enhance power saving and channel efficiency. The performance of the proposed MAC schemes have been analytically evaluated showing high efficiency and substantial savings of energetic resources. The suitability of the two MAC schemes to support VoIP applications has also been evaluated by computer simulation.
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The proposed MAC schemes based on BIBD can be extended in several directions. One of the most important extensions is represented by the utilization of several parallel wireless channels. In such a context, the resolvability aspect of a BIBD can be usefully exploited [28] . Another extension can be pursued by considering the application of BIBD structures to multihop wireless networks.
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